Introduction {#s0005}
============

Cerebral stroke, one of the leading causes of death and disability, does not have an effective treatment currently. Tissue plasminogen activator (tPA) is the only effective drug when used within 6 h of stroke; thus, it is critical to develop new therapies for treating survivors of cerebral stroke [@b0005], [@b0010]. One promising advances in modern science is stem cell-based therapy [@b0015]. In preclinical and clinical research, stem cell-based approaches, including the use of neural stem cells (NSCs), have shown potential for the regenerative treatment of various diseases including ischemic stroke [@b0015], [@b0020], [@b0025], [@b0030]. Stem cell-based therapy is based mainly on cell replacement and the induction of paracrine effects to replace damaged cells, reduce cell death, and provide trophic support for host cells [@b0035], [@b0040], [@b0045]. However, preclinical studies have suggested that very few (\<1% of injection) cells could survive over 4 weeks after transplantation [@b0050], [@b0055], because of the hostile, injured microenvironment. Furthermore, the association between the therapeutic benefits of transplantation and the paracrine effects of grafted cells is not yet known.

In recent years, studies have confirmed that paracrine signals are related to extracellular vesicles (EVs), which have been implicated as mediators of paracrine benefits and are involved in cell-cell communication [@b0050], [@b0060]. EVs, produced by all living cells, include microvesicles (50--1000 nm) and exosomes (40--200 nm). Exosomes are released into extracellular fluids by living cells; contain proteins, lipids, and genetic materials (mRNA, ncRNA etc.); and play essential roles in intercellular communication by transferring exosomal protein and RNA cargos between the source and target cells [@b0065]. Emerging data have shown that exosomes have been successfully tested in preclinical models of stroke, myocardial infarction/reperfusion injury, and hind limb ischemia [@b0070], [@b0075], [@b0080]. Furthermore, anti-tumor therapies based on EVs derived from dendritic cells have entered phase II human clinical trials [@b0085].

Our previous studies [@b0090], [@b0095] showed that interferon gamma (IFN-γ) co-delivery with NSCs accelerated improvements in the behavioral performance of brain ischemic rats, and promoted the neuronal generation of grafted NSCs in the ischemic environment. IFN-γ increases the ability of NSCs to tolerate oxidative stress, regulate the paracrine effects of cells, and augment neuronal functions, enhancing the effectiveness of cell transplantation therapy. These results are similar to how interleukin 6 (IL-6) preconditioning protects grafted NSCs from ischemic reperfusion injury through *STAT3*-mediated upregulation of manganese superoxide dismutase, and transplantation of IL-6 preconditioned NSCs significantly attenuates infarct size and improves neurological performance [@b0100]. Furthermore, IFN-γ plays an important role in mediating the communication between grafted stem cells and the immune system of the host through the EV-associated *IFN-γ/Ifngr1* complex pathway [@b0105].

Therefore, in this study, we focused on the role of exosomes derived from hNSCs stimulated by IFN-γ (IFN-γ-hNSC-Exo), compared their functions with the exosomes derived from human NSCs (hNSC-Exo), and explored their potential mechanism.

Materials and methods {#s0010}
=====================

Supplemental information {#s0015}
------------------------

Supplemental Materials and methods are available from Online Library.

Animals {#s0020}
-------

All animal procedures were conducted in accordance with the Care and Use of Laboratory Animals protocol approved by the Institutional Animal Care Committee of Southeast University, China (Ethical approval number: 2017ZDSYLL048-P01, Animal permit number: SYXK (Su) 2016--0013). All the male Sprague Dawley (SD) rats (Vital River Laboratory Animal Technology Co., Ltd. Beijing, China) were 8 weeks old and weighed 240--280 g, maintained on a 12 h light/dark cycle and given access to food and water ad libitum, and feed-restricted only before anesthetic events. All animal experiments were performed under general anesthesia using 2% isoflurane. The rectal temperature was controlled at 37 °C with a homeothermic blanket during experiments. Data analysis and examination were always carried out in a blinded manner by two investigators, randomized and blinded to the treatment.

Exosomes isolation and characterization {#s0025}
---------------------------------------

Human NSCs (hNSCs) were preserved in our laboratory (The cells were acquired from human fetal brain tissue with informed consent, under a protocol approved by the Institutional Review Board of Zhongda hospital Southeast University (Approval number: 2017ZDSYLL048-P01), as previously described and published [@b0110]). Exosomes were isolated from hNSCs and stimulated by IFN-γ (concentration: 20 ng/mL) culture supernatants by ultracentrifugation or Exo-spin™ Exosomes Isolation and Exosomes Purification Kit (Cell Guidance Systems, Cambridge, UK) according to the manufacturer's protocol. Briefly, conditioned media (CM) were collected and cell debris was removed by centrifugation, and then filtered through a 0.22 μm membrane. Ultracentrifugation was performed at 120,000*g* (Beckman) for 2 h at 4 °C. From the Exosomes Isolation and Purification Kit, ½ volume of Exo-spin™ Buffer was added and mixed, followed by centrifugation and purification. Finally, both of the pellets were resuspended in 100--200 μl of cold PBS. Then exosomes were identified by transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA) flow cytometry (FCM) and western blotting (WB).

H~2~O~2~ cell stress model and cell experiments {#s0030}
-----------------------------------------------

hNSCs were treated with 500 μM/L concentration of H~2~O~2~ (Sigma) to induce cell oxidative stress injury, leading to cell apoptosis and death *in vitro*, and then treated with exosomes (both hNSC-Exo and IFN-γ-hNSC-Exo) to evaluate their therapeutic abilities. Cell viability, survival and activity were measured by CCK-8 staining, Live-Dead cell staining, Ki67 proliferation assay, and cleaved Caspase-3 immunofluorescence analysis was performed in 96- or 24-well plates. The number of exosomes was 1 × 10^7^ to 1 × 10^8^ particles/well for either one or two days. For immunofluorescence staining method, in brief, cells were fixed and incubated with primary antibodies (rabbit anti-Caspase3 (1:600, Invitrogen) or anti Ki67 (1:400, Santa Cruz) diluted in blocking solution. After the secondary antibodies and nuclear marker, DAPI were added, the slides were observed under a fluorescence microscope.

Brain ischemic stroke rat model and exosome treatment {#s0035}
-----------------------------------------------------

Adult male SD rats (240--280 g) were used to build a transient cerebral ischemia model according to the previously described MCAO method. hNSC-Exo and IFN-γ-hNSC-Exo (concentration 4 × 10^9^ particles in 10 μl PBS/each rat) were then stereo-tactically transplanted into the striatum of the infarcted hemisphere at 24 h after stroke onset. Rats were randomly divided into four groups; sham operation group (n = 5 rats), PBS group (10 μl PBS), hNSC-Exo group (4 × 10^9^ particles in 10 μl PBS), and IFN-γ-hNSC-Exo group (4 × 10^9^ particles in 10 μl PBS), with n = 11 in the three experimental groups. 5-Bromo-2′-deoxyuridine (BrdU, 50 mg/kg, twice per day, Sigma) was intra-peritoneally administered into the rats after transplantation for 14 consecutive days.

Neurological functions and infarct volume analysis {#s0040}
--------------------------------------------------

The neurobehavioral analysis was performed by determining the modified Neurological Severity Score (mNSS), Rotarod test and Postural reflex test before MCAO and on days 1, 7, 14 and 28 after stroke and transplantation, by two investigators who were blinded to the experimental groups. mNSS of the rats were graded on a scale of 0 to 18. For the Rotarod test, the rats were placed on the rotarod cylinder, and the test was ended if the animal fell off the rungs or gripped the device and spun around for two consecutive revolutions. The standing time was recorded and analyzed. Postural reflex test measured the sensitivity to cortex and striatum injuries, with scores ranging between 0 and 10. A higher score indicated a more serious behavioral disorder in the animal. The infarct size in the rats was measured using 7.0 Tesla animal magnetic resonance scanners (Brooke). Rats' brains (n = 5 rats/group) were checked on day 28 after stroke and transplantation. Each layer of the infarct area was measured, and then the total infarct volume of rats per superposition was calculated.

High-throughput sequencing and data analysis {#s0045}
--------------------------------------------

Three biological replicates of exosomes derived from hNSCs and IFN-γ preconditioning hNSCs were sequenced on an Illumina HiSeqTM 2500 desktop sequence. Differential miRNAs with fold change \> 1 and p-value \< 0.05 in expression between hNSC-Exo and IFN-γ-hNSC-Exo were considered for analysis. Gene Ontology (GO) (<http://www.geneontology.org/>) and Kyoto Encyclopedia of Genes and Genomes pathway (KEGG) (<http://www.genome.jp/kegg/>) enrichment analyses were used according to fold change \>2 and p-value \< 0.05 of exclusion criteria.

Statistical analysis {#s0050}
--------------------

Values were expressed as the mean with error bars representing standard deviation (SD). Statistical significance was performed using unpaired *t* test, one-way or two-way ANOVA via GraphPad Prism 8.0 Software. The significance of the differences between different groups was evaluated by variance analysis following by post hoc Tukey--Kramer test (P \< 0.05 as significant, P \< 0.01 as very significant).

Results {#s0055}
=======

hNSC-Exo presented therapeutical ability in the brain ischemic stroke model of rats {#s0060}
-----------------------------------------------------------------------------------

Exosomes are embraced by multivesicular endosomes or multivesicular bodies (MVBs) which are formed inside of cells, and then secreted via fusion with the plasma membrane. Exosomes were isolated from the cell medium of hNSCs. The characteristics and identity of hNSCs are shown in [Fig. 1](#f0005){ref-type="fig"}A which illustrates their morphological, markers and cell differentiation. [Fig. 1](#f0005){ref-type="fig"}B (TEM of hNSCs) shows that MVB was just released from the cell membrane, and was enriched with exosomal-like vesicles with sizes of approximately 50--200 nm in diameter. The exosomes were identified by TEM, NTA and FCM, their mean diameter was 115.3 ± 6.2 nm and significantly expressed protein markers CD63 and CD81 ([Fig. 1](#f0005){ref-type="fig"}B--C). We then assessed the therapeutic efficacy of isolated exosomes in the rats with brain ischemic stroke. The data ([Fig. 1](#f0005){ref-type="fig"}D--E) indicated that hNSCs-derived exosomes had behavioral and structural benefits in rats. Our results were consistent with those of Webb et al. [@b0115], [@b0120] which revealed that NSC EVs improved cellular, tissue, and functional outcomes in the middle-aged mouse thromboembolic (TE) stroke model, as well as significantly promoted neural tissue preservation and functional improvements in the pig of brain ischemic stroke model. Although these data suggest that EVs/exosomes derived from NSCs have therapeutic potential in stroke, but the harmful microenvironment associated with hypoxic, ischemic and oxidative stress may affect these functions. IFN-γ as a pro-inflammatory cytokine can increase cell tolerance to oxidative stress, and regulate the paracrine effects of cells [@b0095], [@b0105]. Thus, we performed IFN-γ preconditioning to evaluate the roles of isolated exosomes and examine their effects *in vitro* and *in vivo*.Fig. 1The characteristics and functions of hNSCs and their exosomes. (A) The neurosphere morphology of hNSCs cultured in day 3 and 6, immunofluorescence shown hNSCs specific markers (Nestin, SOX2 and Musashi1 with green color), and hNSCs differentiated into neurons (Tuj1, green color), astrocytes (GFAP, red color) and oligodendrocytes (MOG, green color). Tuj1 = β-tubulin III, GFAP = glial fibrillary acidic protein, MOG = Myelin oligodendrocyte glycoprotein. (B) TEM of hNSCs shown that exosomal-like vesicles in MVBs were just released from cell memnbrane (Upper), and TEM of isolated exosomes from hNSCs presented small lipid bilayer membrane vesicles (Lower). Red arrows indicated exosomes. (C) The result of NTA shown the particle distribution of exosomes derived from hNSCs, and exosomes significantly expressed exosomal marker proteins CD63 and CD81 by flow cytometry. (D) The neurological functions of ischemic stroke rats were evaluated from 1 day to 28 days after exosomes treatment via mNSS and Rotarod tests. n = 5 rats/group (\*\*p \< 0.01). (E) The infarct volume of brain ischemia rats was examined by MRI at 28th day after stroke and transplantation. Analysis of T2-weighted images (T2WI) revealed a more reduction in infarct volume (ischemic lesion shown in white) in hNSC-Exo group relative to control group. n = 3 rats/group. (\*p \< 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Characteristics of exosomes after IFN-γ preconditioning {#s0065}
-------------------------------------------------------

We collected the cell media and isolated exosomes before and after IFN-γ preconditioning. TEM, NTA, and WB analyses were performed to determine the characteristics of exosomes and compare IFN-γ-hNSC-Exo to hNSC-Exo ([Fig. 2](#f0010){ref-type="fig"}A--C). These results revealed that the two types of exosomes had the same morphology (small lipid bilayer membrane vesicles), size distribution (with mean diameter at 112.5 ± 4.8 nm vs 126.1 ± 7.2 nm), and exosomal marker proteins, CD63, Hsp70 and TSG101. Interestingly, NTA analysis further revealed that the yield of IFN-γ-hNSC-Exo was higher than that of hNSC-Exo in the same number of cultured cells and per unit volume of cell medium ([Fig. 2](#f0010){ref-type="fig"}D). Thus, the data confirmed that IFN-γ preconditioning did not affect the secretion and feature of exosomes derived from hNSCs.Fig. 2The general features and cell activity experiments comparisons of IFN-γ-hNSC-Exo and hNSC-Exo. (A) TEM of isolated exosomes from hNSCs and IFN-γ-hNSCs, presented small lipid bilayer membrane vesicles. (B) The result of NTA analysis shown the particle distribution of exosomes derived from hNSCs and IFN-γ-hNSCs. (C) Both exosomes derived from hNSCs and IFN-γ-hNSCs significantly expressed exosomal marker proteins, CD63, Hsp70 and TSG101 by western blotting. (D) The number of exosomes derived from hNSCs stimulated by IFN-γ was much more than that of derived from hNSCs per unit volume of cell medium compared by NTA. (E) Exosomes significantly increased cell survival in the cell of H~2~O~2~ stress model, and IFN-γ-hNSC-exosomes have shown more positive effects by cytotoxicity assay, the phase-contrast images (Right side) presented bigger neurosphere formation in exosomes groups. (G) Live-dead cell assay indicated red-staining death cells and green-staining alive cells, the results shown IFN-γ-hNSC-Exo treatment upregulated much more green-staining alive cells expression than that of hNSC-Exo group. (F) Caspase-3 positive cells (Red staining) increased after treated cells by H~2~O~2~, and exosomes relieved the apoptotic state of cells, especially in the group of IFN-γ-hNSC-Exo. (Nuclei was blue by DAPI staining, \*p \< 0.05, \#p \< 0.05, and \*\*p \< 0.01, \#\#p \< 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

IFN-γ-hNSC-Exo further increased cell activity *in vitro* cell H~2~O~2~ stress model {#s0070}
------------------------------------------------------------------------------------

To determine whether exosomes affected on cell proliferation or survival under the hostile microenvironment, we prepared an H~2~O~2~ oxidative stress model of hNSCs to induce cell apoptosis and death. [Fig. 2](#f0010){ref-type="fig"}E reveals that most of the cells underwent apoptosis or death after H~2~O~2~ treatment. But after addition of exosomes to the cell medium, more living cells were detected, which could also form small neurospheres. Moreover, IFN-γ-hNSC-Exo had more positive effects on cells (as compared to hNSC-Exo). The results ([Fig. 2](#f0010){ref-type="fig"}E) of cytotoxicity assay revealed that exosomes significantly resisted the harmful role of H~2~O~2~ on cells and increased cell activity as compared to the H~2~O~2~ treatment group (P \< 0.01). Moreover, the cell inhibition rate was lower in the IFN-γ-hNSC-Exo group than in the hNSC-Exo group.

Next, we further performed a live-dead cell assay ([Fig. 2](#f0010){ref-type="fig"}F) and also evaluated the expression of caspase-3 positive cells ([Fig. 2](#f0010){ref-type="fig"}G) *in vitro*. The results were consistent with those of the cytotoxicity assay, it showing that H~2~O~2~ treatment significantly induced cell death (red fluorescence cells indicated approximately 90% ± 3% dead cells). After exosomes were added to the cultured hNSCs for 3 days after plating, the number of dead cells was significantly decreased ([Fig. 2](#f0010){ref-type="fig"}F). Furthermore, in the IFN-γ-hNSC-Exo treatment group, the green fluorescence, which indicated live cells, was significantly upregulated. The number of alive cells in the IFN-γ-hNSC-Exo group was much higher than that in the hNSC-Exo group ([Fig. 2](#f0010){ref-type="fig"}F) (P \< 0.01). The [Fig. 2](#f0010){ref-type="fig"}G shows that treatment with H~2~O~2~ showed rapidly increased the number of caspase-3 positive cells, and that the exosomes significantly relieved the apoptotic state of cells and augmented cell survival, particularly those derived from IFN-γ stimulated hNSCs (P \< 0.05). Thus, the exosomes derived from hNSCs had some positive effect on cell viability, and IFN-γ preconditioned hNSCs further increased the ability of their exosomes to withstand H~2~O~2~ oxidative stress *in vitro*.

Exosomes affected cell proliferation and differentiation {#s0075}
--------------------------------------------------------

To explore whether the exosomes affected on hNSC proliferation and differentiation, they were added to the proliferation or differentiation medium to culture hNSCs. Exosomes groups showed significantly increased the proliferation of cells (Ki67 positive cells) compared to that in the H~2~O~2~ treatment group ([Fig. 3](#f0015){ref-type="fig"}A), and more Ki67 positive cells were detected in the IFN-γ-hNSC-Exo group, with significant difference between the hNSC-Exo and IFN-γ-hNSC-Exo group (P \< 0.01). The results of the differentiation analysis of hNSCs showed ([Fig. 3](#f0015){ref-type="fig"}B) that exosomes stimulation increased the expression of Tuj1 positive cells (neuronal marker). But the number of neurons (Tuj1 positive expression) or astrocytes (GFAP positive expression) between hNSC-Exo and IFN-γ-hNSC-Exo treatment groups had no statistically significant difference (P \> 0.05). These findings suggest that IFN-γ-hNSCs-Exo mainly affected cell proliferation compared to hNSCs-Exo.Fig. 3The abilities of proliferation and migration of exosomes in cells. (A) IFN-γ-hNSC-Exo significantly further augmented the expression of Ki67 positive cells by compared to hNSC-Exo group in the cells of H~2~O~2~ model. (B) The differentiation of hNSCs was affected by exosomes treatment, but the number of neurons (Tuj1-green positive) and astrocytes (GFAP-red positive) between hNSC-Exo and IFN-γ-hNSC-Exo groups had no statistic difference (\*\* vs. Exo groups). (\*\*p \< 0.01, \#\#p \< 0.01 and n.s. was no significant) (C-D), PKH26-labeled (C, Red) or PKH67-labeled (D, Green) exosomes were co-incubated with hNSCs for 12 h checked by fluorescence microscopy. Internalization of exosomes was significantly confirmed visually as intracellular punctate red-fluorescence or green-fluorescence. (E) After PKH67-labled exosomes were injected into the striatum of ischemic rats, the green fluorescence-positive puncta (exosomes) was migrated from the injected site to the lateral ventricle, corpus callosum and cortex of brain. (Nuclei was blue by DAPI staining). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

PKH26/67-labled exosomes migrated and disseminated *in vitro* and *in vivo* {#s0080}
---------------------------------------------------------------------------

Exosomes are secreted by cells and then taken up by other cells, transferring their contents (such as protein or RNAs) into target cells that trigger intracellular signaling pathways to mainly mediate the biological characteristics of targeted cells or communication between the source and targeted cells. We used PKH26/67-labeled exosomes to incubate hNSCs and neurons *in vitro*. The internalization of PKH26-labeled exosomes was confirmed visually as intracellular punctate red-fluorescence in hNSCs ([Fig. 3](#f0015){ref-type="fig"}C). Furthermore, similar results were observed for PKH67-labeled exosomes through green-fluorescence was seen in neurons, especially around and inside the cell nucleus ([Fig. 3](#f0015){ref-type="fig"}D). Then we also examined the uptake of exosomes *in vivo* in the brain of ischemic rats. PKH67-Exos were stereo-tactically transplanted into the striatum of infarcted rats, after which green fluorescence-positive puncta exosomes migrated from the injected site to extensive regions of brain, such as around the lateral ventricle, corpus callosum and cortex ([Fig. 3](#f0015){ref-type="fig"}E).

Thus, these findings verified the internalization and migration of fluorescence-labeled exosomes *in vitro* and *in vivo*. Next we compared the therapeutic ability of IFN-γ-hNSC-Exo with hNSC-Exo *in vivo* brain ischemic rats.

IFN-γ-hNSC-Exo treatment shown more improved outcomes in brain ischemic rats {#s0085}
----------------------------------------------------------------------------

We next investigated the therapeutical effects of hNSC-Exo and IFN-γ-hNSC-Exo *in vivo*. We injected exosomes into the ischemic regions of brain ischemic stroke rats at 24 h after stroke onset. We mainly monitored neurological performance by mNSS, Rotarod and Postural reflex tests from day 1--28 after stroke and treatment ([Fig. 4](#f0020){ref-type="fig"}A--C). Both the hNSC-Exo and IFN-γ-hNSC-Exo groups showed significant neurological functional recovery improvement from days 7 to 28 via mNSS scores compared to that in the PBS control group, and the improved functional outcome in IFN-γ-hNSC-Exo group was superior to that in hNSC-Exo group ([Fig. 4](#f0020){ref-type="fig"}A) (n = 6--9 rats/group, P \< 0.05). Rotarod and Postural reflex tests also showed significant functional improvement from days 7 or 14 to 28 in the exosomes groups compared to in the PBS control group, with greater improvements in outcome in the IFN-γ-hNSC-Exo group. The difference between the hNSC-Exo group and the IFN-γ-hNSC-Exo group had statistical significance at the 28th day after exosomes injection ([Fig. 4](#f0020){ref-type="fig"}B--C) (n = 6--9 rats/group, P \< 0.05). Thus, IFN-γ-hNSC-Exo showed better efficient therapeutic effects in the brain ischemic rats and improved functional outcome.Fig. 4IFN-γ-hNSC-Exo administration further improved behavioral outcomes *in vivo*. (A-C) To evaluate the neurological functions of ischemic stroke rats, mNSS, Rotarod and Postural reflex tests were used from 1 day to 28 days after exosomes treatment. Both hNSC-Exo and IFN-γ-hNSC-Exo groups promoted neurological recovery from days 7/14 to 28 compared to PBS control group, and the improved functional outcome in IFN-γ-hNSC-Exo group was superior to hNSC-Exo group. n = 6--9 rats/group (\* and \*\* indicated IFN-γ-hNSC-Exo group vs. PBS group). (D) To evaluate the infarct volume of brain ischemia by MRI at 28th day after stroke and transplantation, the infarct size of exosomes groups decreased compared to PBS group. T2WI sequences of MRI revealed the infarct areas (ischemic lesion shown in white) of ischemic rats in PBS, hNSC-Exo and IFN-γ-hNSC-Exo groups. n = 5 rats/group. (\*p \< 0.05, \*\*p \< 0.01, and n.s. was no significant).

We further examined the brain infarct volume of ischemic rats after exosome treatment. We used MRI to evaluate the improved structural size or infarct volume of brain ischemia ([Fig. 4](#f0020){ref-type="fig"}D). The infarct size of exosomes groups significantly decreased compared to in the PBS group 28 days after stroke and exosome transplantation. Moreover, the reduction in infarct volume was much more in the IFN-γ-hNSC-Exo group than in the hNSC-Exo group, but the difference was not statistically significant ([Fig. 4](#f0020){ref-type="fig"}D) (n = 5 rats/group, P \> 0.05).

Thus, the results indicate that after IFN-γ stimulation, IFN-γ-hNSC-Exo have neuro-functional therapeutical effects in brain ischemic stroke rats.

IFN-γ-hNSC-Exo treatment exerted better neuro-protection roles in brain ischemic rats {#s0090}
-------------------------------------------------------------------------------------

We further investigated whether exosomes could affect neural cell survival and neurogenesis in the ischemic injured regions *in vivo*. Exosomes were transplanted into the ischemic penumbra at 24 h after stroke onset, and the necrotic nerve cells were assessed around the ischemic area by TUNEL assay at 7 days after transplantation. The results ([Fig. 5](#f0025){ref-type="fig"}A) show that the number of TUNEL-positive necrotic cells in the exosomes groups was significantly lower than that in the PBS group, and apoptotic/necrotic cells in the IFN-γ-hNSC-Exo group were lower than those in the hNSC-Exo group (n = 3 rats/group, P \< 0.05). This result suggests that the exosomes stimulated by IFN-γ further reduced the necrosis of ischemic nerve cells *in vivo*.Fig. 5IFN-γ-hNSC-Exo treatment prompted neuro-protection and tissue repair in rats of ischemic model. (A) The number of TUNEL-positive necrotic nerve cells in the exosomes groups was decreased compared to PBS group, especially in the IFN-γ-hNSC-Exo group, by TUNEL assay 7 days after transplantation. n = 3 rats/group. (B-C) The double immunofluorescence staining revealed that the number of Brdu/Tuj1 and Brdu/GFAP dual-positive cells (indicated neurons and astrocytes, respectively) toward the ischemic lesion in the IFN-γ-hNSC-Exo group was much more than the hNSC-Exo group at 28th day after stroke and treatment. n = 5 rats/group. (D) Immunofluorescent staining of microvascular phenotype markers CD34 demonstrated that the microvessel density of exosomes groups was increased both in the cortex and striatum regions compared with PBS group at 28th day after stroke and treatment. n = 3 rats/group (\* and \*\* vs. PBS group). (E) At 28th day after exosomes transplantation, Iba1-positive microglia were extensive scattered and accumulated around the ischemic area, but the density/intensity of Iba1-positive cells was much less in the IFN-γ-hNSC-Exo group compared to hNSC-Exo group. n = 4 rats/group. (Nuclei was blue by DAPI staining, \*p \< 0.05, and \*\*p \< 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Next, we examined the expression of neural cells around ischemic regions at 28 days after stroke and treatment, to evaluate cell or tissue regeneration. We checked the expression of BrdU/Tuj1 and BrdU/GFAP dual-positive cells which indicate neurons and astrocytes, respectively. The double immunofluorescence staining revealed many BrdU/Tuj1 and BrdU/GFAP dual-positive cells toward the ischemic lesion, especially in the exosomes groups ([Fig. 5](#f0025){ref-type="fig"}B--C). Importantly, there was statistical difference between PBS group and exosomes groups (n = 5 rats/group, P \< 0.01). The number of BrdU/Tuj1 dual-positive cells in the IFN-γ-hNSC-Exo group was higher than that in the hNSC-Exo group (P \< 0.05), but the number of BrdU/GFAP dual-positive cells between two exosomes groups had no statistical difference (n = 5 rats/group, P \> 0.05). This indicates that IFN-γ-hNSC-Exo treatment generated and protected more functional neurons *in vivo*.

We further analyzed the micro-angiogenesis/microvessel proliferation capacity in ischemic regions of the brain. Immunofluorescent staining of microvascular phenotype markers CD34 demonstrated ([Fig. 5](#f0025){ref-type="fig"}D) that the micro-vessel density of exosomes groups was significantly increased compared to in the PBS group at 28 days after stroke and treatment (n = 3 rats/group, P \< 0.05). Although a larger number of micro-vessels was detected in the IFN-γ-hNSC-Exo group than in the hNSC-Exo group, there was no significant difference between these groups (P \> 0.05).

Finally, we evaluated the inflammatory immune response in the brain of rats after ischemia and exosomes treatment. The microglia in the ischemic lesion of brain was examined at 28 days after exosomes transplantation. In the PBS group, Iba1-positive microglia were extensively scattered and accumulated around the ischemic area. But after treatment with exosomes, the density/intensity of Iba1-positive staining was significantly reduced in comparison with the PBS control group, and IFN-γ-hNSC-Exo group showed further reduced Iba1-positive cells compared to the hNSC-Exo group ([Fig. 5](#f0025){ref-type="fig"}E) (n = 4 rats/group, P \< 0.01). This suggests that IFN-γ-hNSC-Exo further reduce microglia proliferation or activation, and oppose the inflammatory hostile microenvironment *in vivo*.

Comparison of the miRNA expression profile of hNSC-Exo and IFN-γ-hNSC-Exo {#s0095}
-------------------------------------------------------------------------

To explore the potential mechanism by which IFN-γ-hNSC-Exo had more positive roles than hNSCs--Exo *in vitro* and *in vivo*. We compared the miRNA expression profile by NGS. A total of three biological replicates for each type of exosomes was sequenced on the Illumina platform. We obtained 582 to 768 known miRNAs for each exosomes sample based on the public miRBase V21 database. Then to address the differences of in miRNA profiles between the exosomes derived from hNSCs and IFN-γ-hNSCs, the expression of each miRNA was quantified, after correcting for the number of reads per million (RPM) clean tags and quartile normalization ([Fig. 6](#f0030){ref-type="fig"}A). We identified 24 upregulated and 23 downregulated miRNAs (inclusion criteria: \|log2(Fold Change)\| ≥ 1 and p \< 0.05). Moreover, after the inclusion criteria were adjusted to \|log2(Fold Change)\| ≥ 2 and p \< 0.05, there were 14 upregulated and 16 downregulated miRNAs (Supplementary Table S1). Then after the criteria p \< 0.01 was used, 7 prominent significant difference miRNAs were identified.Fig. 6NGS and verification of special exosomal miRNAs of IFN-γ-hNSC-Exo. (A) Pie chart representation (Upper left) of the distribution of small RNA categories in exosomes of hNSC-Exo and IFN-γ-hNSC-Exo. Hierarchical clustering (Upper right) and scatter plot (Upper middle) of differentially expressed miRNAs between hNSC-Exo and IFN-γ-hNSC-Exo. Red indicates higher expression; green indicates lower expression. (B) The top 30 GO functions of predicted targets belong to the differentially expressed miRNAs. (C) The top 30 KEGG Pathway enrichment analysis of differential expression genes. (D) Special different exosomal 7 miRNAs (inclusion criteria, \|log2(Fold Change)\| ≥ 2 and p \< 0.01) were validated by qRT-PCR assay, the results were consistent with NGS. (E) The potential targeted genes of special different exosomal 7 miRNAs in IFN-γ-hNSC-Exo were predicted by miRNA-gene network analysis, the hsa-miR-151a-5p was used to contrast. (F) Left: Transfected 3 overexpressed exosomal miRNAs (hsa-miR-206, hsa-miR-133a-3p and hsa-miR-3656) into hNSCs and then treated with H~2~O~2~, the proportion of cell survival was increased compared to the H~2~O~2~ and NC groups (\#\#p \< 0.01 vs·H~2~O~2~ group, \*\*p \< 0.01 vs. NC group). Right: The over-expression of exosomal miRNAs in cells upregulated anti-oxidative stress SOD2 expression by WB. β-Actin was used as the loading control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Next target gene prediction and enrichment analysis of differential miRNAs were performed. Using the TargetScan, miRDB, miRWalk, and miRTarBase databases to predict the target genes of the differentially expressed miRNAs, 30 different miRNAs (inclusion criteria: \|log2(Fold Change)\| ≥ 2 and p \< 0.05) were analyzed. GO was used to explore potential gene functions, and KEGG analysis was used to explore putative predominant pathways. Various GO categories were found, with the top 5 in 30 significant terms including binding, protein binding, Intracellular part, cellular process, and biological regulation ([Fig. 6](#f0030){ref-type="fig"}B). Furthermore, the top 5 in 30 KEGG signal pathways showing the most statistical difference ([Fig. 6](#f0030){ref-type="fig"}C) were *MAPK* signaling pathway, Endocytosis pathway, *PI3K − Akt* signaling pathway, *FoxO* signaling pathway, and *Rap1* signaling pathway. These data suggest that the potential gene functions were most important in stem cell survival or exosomal transportation.

IFN-γ-hNSC-Exo may function via exosomal miRNAs {#s0100}
-----------------------------------------------

Then we chose the most significantly different 7 miRNAs (five upregulated and two downregulated) using the inclusion criteria of \|log2(Fold Change)\| ≥ 2 and p \< 0.01, and validated these miRNAs via qRT-PCR, including *hsa-miR-206, hsa-miR-133a-3p, hsa-miR-4677-5p, hsa-miR-205-5p, hsa-miR-3656, hsa-miR-34c-3p* and *hsa-miR-3151-5p*. The results of qRT-PCR were consistent with those of NGS ([Fig. 6](#f0030){ref-type="fig"}D). These miRNAs were considered as specific to IFN-γ-hNSC-derived exosomal-miRNAs, and may play an important role in cell survival. And the key genes related to potential targeted pathways and functional categories were predicted by miRNA-gene network analysis ([Fig. 6](#f0030){ref-type="fig"}E), which were involved in the functions of IFN-γ-hNSC-derived exosomes.

Thus, to check the potential functions of these miRNAs, we performed cell live-dead assay to evaluate the ability of candidate miRNAs by cell H~2~O~2~ oxidative stress model *in vitro*. Of these, the results showed that the 3 miRNAs (*hsa-miR-206, hsa-miR-133a-3p and hsa-miR-3656*) were more important than the others and significantly increased cell survival ([Fig. 6](#f0030){ref-type="fig"}F) (P \< 0.01). Furthermore, they significantly upregulated the level of the anti-oxidative-related protein SOD2, which is associated with cell viability ([Fig. 6](#f0030){ref-type="fig"}F).

Discussion {#s0105}
==========

Although several hundred drugs have been tested for treating stroke, therapeutic options remain insufficient. Thus, the search for appropriate drugs for stroke is underway. EVs/exosomes derived from cells have recently emerged, and can provide information on multiple biological functions in adjacent or distant target cells[@b0125]. Furthermore, EVs/exosomes are actively secreted by all cell types and have been identified in body fluids to have key roles in regulating immune responses [@b0125], [@b0130].

Recent studies [@b0135], [@b0140] showed that transplanted stem cells facilitate tissue regeneration through by releasing paracrine factor-EVs. EVs/exosomes act as important vehicles for paracrine delivery of therapeutic agents and are involved in complex intercellular communication systems. For example, NSC-derived small extracellular vesicles (NSC-sEVs) were used to treat spinal cord injury (SCI), the results showed that NSC-sEVs significantly reduced the extent of SCI, improved functional recovery, and reduced neuronal apoptosis, microglia activation, and neuro-inflammation in rats. This suggests that NSC-sEV can repair neural injury and improve the neuro-inflammatory microenvironment [@b0145].

In the study, we focused on the role of IFN-γ-hNSCs-Exo (exosomes derived from hNSCs stimulated by IFN-γ), mainly by comparing their functions with those of hNSC-Exo. We revealed the characteristics of hNSC exosomes, and found that IFN-γ preconditioning did not affect the secretion and characteristics of exosomes derived from hNSCs, but altered their functions. We used cell proliferation and cell survival experiments in *in vitro* H~2~O~2~ stress model of cells to explore the abilities of IFN-γ-hNSC-Exo compared with those of hNSC-Exo, and further used these exosomes to treat brain ischemic stroke of rats to determine their therapeutic abilities *in vivo*.

Webb et al. [@b0120] used EVs derived from hNSCs to treat mouse thromboembolic (TE) stroke model. They found that NSC EVs significantly improved cellular, tissue, and neurological functional outcomes in a middle-aged mouse model of stroke, but MSC EVs had fewer effects in mice. And the therapeutic effect of NSC EVs appeared to be mediated by alterations in the systemic immune response [@b0120]. They also evaluated the role of NSC EVs in a pig ischemic stroke model induced by permanent middle cerebral artery occlusion [@b0115]. Their results shown that NSC EV treatment led to significant improvements at the tissue and functional levels in pigs, including a decrease in the cerebral lesion volume, reduction in brain swelling and edema, increase in brain white matter integrity and corpus callosum fractional anisotropy values, and augmentation of exploratory behavior and spatiotemporal gait parameters restoration. Thus, these studies confirmed the therapeutic effects of NSC EVs on neural function in ischemic animals [@b0115], [@b0120].

However, central nervous system (CNS) inflammation mainly induced mononuclear phagocyte/microglial cell infiltration and oxidative stress activity, then leading to secondary CNS damage *in vivo* [@b0150], [@b0155]. Normally, the exosomes are also affected by CNS inflammation, and their abilities could be limited by the hostile microenvironment. Here we specifically focused on the effect of a cytokine (pro-inflammatory cytokine, IFN-γ) on the functional optimization of hNSC-Exo. Pluchino and Cossetti et al. [@b0105], [@b0160], [@b0165] revealed that IFN-γ and the tumor necrosis factor alpha (TNF-α) regulate the phenotype of stem cells, release soluble factors from cells, and ultimately regulate the functions of stem cells. They confirmed that NSCs communicated with the microenvironment via their EVs. Furthermore, the IFN-γ pathway in NSCs exposed to pro-inflammatory cytokines was very important in these processes. IFN-γ can bind to EVs through *Ifngr1*, and activate *Stat1* in target cells. Their results demonstrated that EV-associated *IFN-γ/Ifngr1* complexes were critical for grafted stem cell communication with the host immune system [@b0105]. Here, we shown that IFN-γ stimulation altered the ability of exosomes derived from hNSCs. Additionally, IFN-γ-hNSC-Exo significantly promoted the activity of hNSCs in the *in vitro* H~2~O~2~ oxidative stress model of cells, such as by augmenting stem cell survival, reducing cell apoptosis and exerting better protective abilities than hNSC-Exo. And *in vivo*, we found that IFN-γ-hNSC-Exo further facilitated the neurological functional recovery in the brain ischemic stroke model of rats compared to that in the hNSC-Exo group. Moreover, IFN-γ-hNSC-Exo further reduced nerve cell apoptosis, increased neuronal survival and diminished inflammatory responses *in vivo*. Thus, exosomes derived from IFN-γ-stimulation have more therapeutic advantage than naïve hNSC-Exo do.

Exosomes are involved in intercellular communication mainly by transferring exosomal RNA or protein cargos between cells. Zhang et al. [@b0170] found that the hypothalamic stem cells controlled ageing speed partly through exosomal miRNAs. They disturbed the co-expression of *Sox2* and *Bmi1* in hypothalamic stem cells of mice and observed that each mouse model consistently displayed acceleration of ageing-like physiological changes or a shortened lifespan. Moreover, ageing retardation and lifespan extension were achieved in mid-aged mice that were locally implanted with healthy hypothalamic stem cells. The main reason was related to exosomal miRNAs derived from hypothalamic stem cells. These exosomal miRNAs declined during ageing, and hypothalamic stem cell-secreted exosomes which included those miRNAs led to the slowing of ageing [@b0170]. Here we used NGS to compare the exosomal miRNA expression profile of IFN-γ-hNSC-Exo and hNSC-Exo. High-throughput miRNA analysis was used to reveal different gene changes in exosomes, mainly induced by pretreatment of cells with IFN-γ, containing the significantly different expression of cell functional regulators. The functional enrichment and signal pathways were closely correlated with stem cell survival and exosomal transportation. Further, we validated the expression of the most significantly different 7 miRNAs via qRT-PCR. Interestingly, the exosomal miRNAs (hsa-miR-206, hsa-miR-133a-3p and hsa-miR-3656) of IFN-γ-hNSC-Exo play important role in cell survival. Thus, these miRNAs may be functionally relevant in IFN-γ-hNSC-Exo.

However, there are some potential limitations associated with the development of exosomes remain [@b0175], [@b0180], [@b0185], [@b0190]: (1) although exosomes can have therapeutic effects in *in vitro* and *in vivo* ischemic models, their efficiency should be further explored, particularly compared with other drugs approved by the FDA; (2) the enrichment and purification of exosomes derived from stem cells should be uniform to avoid quality deviation; and (3) further studies are needed to determine how exosomes mediate functional interactions with immune cells---including macrophages or microglia cells, and to what extent they regulate immune effects.

Conclusion {#s0110}
==========

In conclusion, we found that IFN-γ mediated the secretion and function of stem cell-derived exosomes, and induced specific exosomal miRNAs to promote cell survival. To clarify the direct role of exosomes stimulated by IFN-γ, we generated both IFN-γ-hNSC-Exo and naïve hNSC-Exo derived from the cell medium. The results revealed that IFN-γ-hNSC-Exo significantly increased the activity of hNSCs in *in vitro* cell H~2~O~2~ oxidative stress model compared to the hNSC-Exo. In the *in vivo* ischemic stroke model of rats, IFN-γ-hNSC-Exo further improved neurological function compared to hNSC-Exo. Through NGS, we found that IFN-γ-hNSC-Exo expressed specific exosomal miRNAs with greater therapeutic roles than hNSC-Exo. Thus, this study highlights an unexpected role for stem cell-derived exosomes stimulated by cytokine in the treatment of brain ischemic stroke and represents a significant advance in altering the functions of exosomes. Exosomes, as cell-derived bioactive molecules and next generation cell-free therapeutic candidates have numerous practical and conceptual advantages over stem cells, and how to optimize the efficacy of exosomes should further examined.
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